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Anaerobic digestion requires a balanced availability of micro-nutrients with ideal growth
conditions to reach optimal organic degradation and biogas production. Iron is the
most abundant of the essential metals in an anaerobic digester and its mobility has a
strong impact on microorganisms through its own bioavailability, but also through its
influence on the bioavailability of other metals. Most previous research on iron mobility
in anaerobic digestion has focused on sulfide as the controlling anion because digesters
traditionally are sulfide rich and phosphate poor. However, chemical phosphorus removal
(CPR) at wastewater treatment works (WWTW) can elevate phosphate concentrations
in the digester 10-fold or more. The goal of this research was hence to examine the
accepted wisdom of iron-sulfide dominance prevailing in all anaerobic digesters and
by evaluating the potential for iron phosphate formation in municipal digesters treating
CPR sludge. To fulfill this aim, iron compounds were identified experimentally from
full-scale digesters at WWTW with CPR and the most likely iron species identified
through modeling according to their thermodynamic probability of formation under the
specific environmental conditions experienced in each anaerobic digester. Experimental
and modeling data were then combined to identify the main chemical reactions
controlling iron mobility in those anaerobic digesters. Results show that speciation of
iron in the sampled anaerobic digesters was controlled by the solid phase through a
primary reaction (sulfide precipitation to form pyrite and ferrous sulfide) and secondary
reaction (phosphate precipitation to form vivianite). However, iron-sulfide precipitates
represented only 10–30% of the total iron in the sampled digesters, while iron-phosphate
precipitates represented more than 70%. The significance of the high quantity of
vivianite in these digesters is that phosphate-rich anaerobic digesters will be more
iron-mobile environments than sulfide-rich digesters, with iron being more readily
exchanged between the solid and liquid phases during digestion, implying a higher level
of bioavailability and the tendency to interact more readily with organic and inorganic
counterparts.
Keywords: iron bioavailability, vivianite, anaerobic digestion, chemical phosphorus removal, sulfide, phosphate,
equilibrium speciation modeling
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INTRODUCTION
In the development of self-sustainable wastewater treatment
plants, anaerobic digestion (AD) is a key process to reduce
waste and produce renewable energy. The balanced availability
of macro- and micro-nutrients, coupled with ideal growth
conditions, is essential for a healthy anaerobic digester
(Gustavsson, 2012). Any disruption of one of those factors
can disturb the activity of micro-organisms and lead to the
failure of the system. Some metals (such as iron, manganese,
copper, cobalt, nickel, and zinc) are part of the essential micro-
nutrients required for the well-being of the anaerobic digester
and their presence, in a bioavailable form, are indispensable
to reach the optimal performance of the anaerobic digester
(Schattauer et al., 2011).
The bioavailability of metals is still the subject of considerable
investigation both in natural and engineered ecosystems, but
research to date generally agrees that most of the dissolved metals
and a portion of weakly-bound metals (for example, biosorption)
could be considered as available for microorganisms (Worms
et al., 2006; Fuentes et al., 2008; Marcato et al., 2009). In the AD,
metals undergo a complex series of reactions in the sludge matrix
including sorption, complexation, or precipitation processes,
influencing their speciation. Most of the metals are bound in the
solid phase as precipitates or chelates (Oleszkiewicz and Sharma,
1990) and strongly bound compounds are unavailable for micro-
organisms. However, weakly bound compounds can break down
and release metals into the liquid phase, establishing a reserve
of available metals. Any study of metal bioavailability must then
consider the potential of a metals reserve moving from the solid
phase to the liquid phase as the more readily bioavailable metals
are removed by microbial activity and the equilibrium of the
system shifts (Hassler et al., 2004; Jansen et al., 2007).
Iron is the most abundant of the essential metals in an
anaerobic digester and hence, by virtue of its high concentration,
may influence the speciation of other trace metals present in
the digester by competing for the primary chemical reactions.
Metcalf & Eddy Inc. (2003) report that the median concentration
of iron in wastewater sludge is 17 g/kg Dried Solid (DS), 10
times higher than the median concentration of the second
highest heavy metal, zinc, at 1.7 g/kg DS. Moreover, the
iron concentration in anaerobic sludge digesters at municipal
wastewater treatment works (WWTW) is often increased further
by iron dosing for chemical phosphorus removal (CPR) and/or
hydrogen sulfide control (Carliell-Marquet et al., 2010; Zhang
et al., 2010). The establishment of a phosphorus limit discharge
by Urban Wastewater Treatment Directive encouraged the
development of CPR in the main WWTW in the UK. Carliell-
Marquet et al. (2010) estimated that 300WWTWswere removing
phosphorus chemically in 2010 and this number was projected to
increase to over 600 WWTWs by 2015 (Vale, 2012).
Iron, as most other metals in an anaerobic digester,
should principally react with sulfide to form insoluble salts;
sulfide precipitates being commonly accepted as the main
thermodynamically stable compounds formed under anaerobic
conditions (Callander and Barford, 1983; Morse and Luther,
1999; Zhang et al., 2010; Shakeri Yekta et al., 2014a). The
two main iron sulfide compounds observed are pyrite (FeS2)
and amorphous FeS (Kaksonen et al., 2003; van der Veen
et al., 2007). Under anaerobic digestion conditions, pyrite is
predicted to be the most stable inorganic precipitate when
following the Pourbaix diagram (Pourbaix, 1963; Nielsen et al.,
2005). However, pyritisation is a slow process and needs a
reduction potential below −200mV, so the formation of meta-
stable amorphous FeS is likely to occur as a precursor to the
transformation to pyrite (Nielsen et al., 2005). Other iron-
sulfide precipitates have been detected in anaerobic digesters
such as greigite (Fe3S4), mackinawite (monocrystalline FeS), and
pyrrhotite (Fe1-xS) (Jong and Parry, 2004; Dewil et al., 2009;
Gustavsson, 2012).
Anaerobic digesters are traditionally sulfide rich and
phosphate poor, but phosphorus recovery processes at WWTW
can elevate phosphate concentrations in a digester 10-fold or
more (Carliell-Marquet et al., 2010). When iron is dosed to
co-precipitate phosphorus in activated sludge plants prior to
AD, it results in ion-rich feed sludge entering the digester. Once
in the digester, reduction of ferric ions to ferrous ions under
anaerobic condition disturbs all the Fe(III) binding. The change
from trivalent to divalent iron species implies the formation
of new thermodynamically stable compounds for iron such as
pyrite (FeS2) or vivianite (Fe3(PO4)2.8H2O). Researchers that
have studied the fate of iron in anaerobic digesters treating
such iron-rich CPR sludge have indeed speculated that a not
negligible quantity of iron would continue to be bound with
phosphate in the anaerobic digester to form ferrous phosphate
precipitates (Miot et al., 2009; Carliell-Marquet et al., 2010),
with phosphate effectively competing with sulfide to precipitate
iron. The formation of the proposed iron-phosphate precipitates
goes against theories of thermodynamic evolution, but can be
hypothesized from an availability/kinetic point of view. Zhang
et al. (2009) and Miot et al. (2009) suggested that the phosphate
creates a bulk phase around the iron (II) which limits sulfide’s
availability for precipitation of iron and favors the formation of
ferrous phosphate.
As the bioavailability of metals is not only dependent on their
concentration in the sludge but on their speciation, the potential
of phosphate to compete with sulfide for iron precipitation,
could have an important impact on the bioavailability of iron
in anaerobic digesters. The presence of vivianite or other
iron-phosphate precipitates (weaker compounds than sulfide
precipitates) in significant quantities, will change the overall
speciation of iron in an anaerobic digester and so its behavior,
potentially increasing iron mobility/availability for the microbial
community.
The primary goal of this research was hence to examine
the accepted wisdom of iron-sulfide dominance prevailing in
all anaerobic digesters, by evaluating the potential for iron
phosphate formation in municipal anaerobic digesters treating
CPR sludge. To fulfill this aim, iron compounds were identified
from full-scale digesters at WWTW to determine the main
iron species according to their thermodynamic probability
of formation under the specific environmental conditions
experienced in each anaerobic digester. Experimental and
modeling data were then combined to identify the main
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chemical reactions controlling iron mobility in those anaerobic
digesters.
MATERIALS AND METHODS
Sludge Collection
Seven UK WWTW were chosen for this experiment to obtain
a wide range of iron concentrations in anaerobically digested
sludge. Three types of sites were chosen; non-iron dosed sludge
(NID), mixed sludge (MS), and iron dosed sludge (ID). The ratio
primary:secondary sludge was around 60:40 across the seven
anaerobically digested sludge and some digesters parameter are
shown in Table 1. The three mixed sludge were taken from a
digester receiving CPR sludge from the WWTW and imported
no-iron dosed sludge from other WWTWs. The percentage of
imported sludge for MS1-3 varied from 9 to 25%. The CPR was
mostly accomplished by the dosage of iron chloride (FeCl3).
Sludge samples were collected directly from anaerobic
digesters and kept sealed in a hermetic container during
transport, after which the liquid and solid phases were separated
by centrifugation (6000 rpm for 10min). The solid phase was
stored in polyethylene bottles at 4◦C. The liquid phase was
filtered at 0.45 µm and stored in polyethylene bottles at 4◦C.
Metals Extraction
The total acid digestion method used an Aqua Regia solution
(HCl:HNO3 3:1, 50% dilution, Heated 110–115
◦C) to dissolve
all the metal compounds present in the sludge; as per Standard
Methods (3030F, APHA-AWWA-WEF, 1985) and modified by
Roussel (2013). Sequential extraction methods used in this
research followed the modified BCR procedure described by
Chao et al. (2006). The extractions were carried out with
analytical grade reagents over a period of 4 days, in triplicate.
The order of applied reagents in the BCR sequential extraction
is: (1) weak acids, (2) reducing agent, (3) oxidizing agent,
and (4) strong acid and so the four fractions produced
from the BCR sequential extraction are classified as: (1)
exchangeable, (2) reducible, (3) oxidisable, and (4) residual
(Figure 1).
Metals Analysis
Flame atomic absorption spectroscopy (FAAS; Perkin Elmer AAS
800) was used to measure the concentration of iron at the
absorption wavelength 248.3 nm. The calibration curves were
calculated before any sample analysis and standard solutions
were freshly made and diluted from a 1000 ppm standard iron
solution provided by Fisher©. Calibration curves were only
accepted with a correlation coefficient of 0.999 and standard
solutions were used as control (10% error) for every 10 samples.
Scanning electron microscopy coupled with energy dispersive
X-ray spectroscopy (SEM-EDS) requires dry compounds for
analysis and so a fraction of the solid phase was dried at 105◦C
before being ground. The powdered compound was applied on
an analytical disc and fixed with a carbon spray (carbon coated).
The microscope, XL-30 (with LaB6 filament) provided by
Philips©, was fitted with a HKL EBSD system with NordlysS
camera to obtain electron backscattering pictures to observe
elements with high atomic number in the samples. The
microscope was also fitted with INCA EDS system provided by
Oxford Instrument to do microanalysis on the sample using
TABLE 1 | Sludge elemental composition and chemical model input values.
Iron dosing Non-Iron Dosed (NID) Mixed Sludge (MS) Iron Dosed (ID)
Sludge 1 2 1 2 3 1 2
Sludge conditions pH 7.4 7.3 7.2 7.2 7.1 7.3 7.3
ORP (mV) −345 −330 −290 −280 −330 −260 −350
Digester capacity (m3) 7000 9000 83,000 6000 11,000 11,000 18,000
Biogas (m3/h) 185 490 3900 155 465 300 850
TS/VS (g/l) 18/13 22/15 23/16 23/15 21/15 20/14 25/18
Alkalinity (gCaCO3/l) 3.5 4.8 5.2 4.2 5.6 3.9 5.3
Metals (mmol/l) Co 0.024 0.024 0.023 0.021 0.029 0.025 0.027
Cu 0.16 0.090 0.11 0.17 0.085 0.13 0.064
Fe 3.5 3.6 6.8 7.1 8 8.5 10.4
Mn 0.13 0.13 0.26 0.079 0.087 0.11 0.13
Ni 0.38 0.40 0.43 0.44 0.36 0.45 0.47
Zn 0.22 0.18 0.50 0.19 0.27 0.25 0.26
Cations/Anions (mmol/l) Ca 8.8 9.6 10.5 10.5 11.9 9.7 11
K 2.6 2.3 2.3 2.7 2.5 2.8 3.0
Mg 4.2 4.4 4.8 5.1 5.3 4.7 5.1
Na 9.7 9.9 9.1 9.3 9.4 9.5 9.9
P 13.9 13.2 14.1 15.6 15.8 15.1 11.1
S 5.9 5.5 5.5 4.4 4.2 5.5 7.8
Frontiers in Environmental Science | www.frontiersin.org 3 September 2016 | Volume 4 | Article 60
Roussel and Carliell-Marquet Iron Mobility in Anaerobic Digestion
FIGURE 1 | Scheme of the BCR sequential extraction.
X-ray spectroscopy. The spectrum of energy analyzed during the
scan was 0–9.5 keV.
Chemical Modeling
The chemical environments of the seven anaerobic digesters
were simulated using Phreeqc with the database minteq.v4
(USGS). Experimental values (element concentrations and sludge
conditions) used as input values are detailed in Table 1. Each
element was entered in the liquid phase in its atomic form;
its speciation then being predicted based on the environmental
input values and the exchanges/reactions allowed in the
simulation, as detailed below.
The parameters described in the Phreeqc, which represented
the anaerobic digester conditions, were limited to temperature,
electric potential (pe) and pH. The input pH was 8–8.2 to allow
a potential charge balance during the simulation and produced
an output pH value agreeing with the measured pH of each
sludge (7.1–7.4). The input potential electric (pe) was −6.7 to
ensure anaerobic condition and avoid any oxidation during the
simulation.
Phreeqc was limited to simulating inorganic reactions, with no
organic complexation or biomass adsorption. The only exchange
between phases allowed in this simulation was solid-liquid
and no consideration of the gas composition or potential H2S
exchange was considered. The exchange between solid-liquid
phases was controlled by the saturation index of each precipitate
(Roussel, 2013).
RESULTS
BCR Sequential Extraction
Iron concentrations in the solid phase of the seven anaerobic
digesters sampled were in the range 9.7–28.8 g/kg DS using the
sum of the sequential extraction fractions and from 12.6 to
33 g/kg DS using total acid digestion (Table 2). An increase in
total iron concentration of the digested sludge was observed
when CPR processes influenced the digester sludge composition
either through imported iron-dosed sludge being fed to the
digester (MS), or when CPR was directly integrated into the
WWTW (ID).
It should also be noted that in all cases a loss of material was
observed during the BCR sequential extraction; the recovery of
iron (measured as the sum of the extracted fractions) ranged
from 77 to 89% of the total iron concentration measured by
the acid digestion procedure. This has also been reported by
other researchers using the BCR sequential extraction procedure;
87% recovery was reported by Fuentes et al. (2008) in their
research, which is comparable to the 85% average recovery
found in this research. Finally, the concentration of iron in the
liquid phase increased with the concentration of total iron in
the solid phase from 0.3mg/l for NID sludge to 0.6mg/l for
ID sludge (Table 2). The amount of iron present in the liquid
phase represents around 0.1% of the total iron and the results
were lower than the range of 0.5–4% suggested by Oleszkiewicz
and Sharma (1990). The Pearson product-moment correlation
coefficient was calculated between the concentration of iron in
the liquid phase and the total iron concentration to statically
confirm any linear correlation. The Pearson coefficient was 0.928
(p = 0.003) confirming a positive linear correlation between
the variables, meaning that the concentration of soluble iron
increases with the total concentration.
The BCR exchangeable fraction (first extracted fraction)
represented the main iron fraction in all digested sludge samples,
with more than 50% of the total iron extracted in this fraction
and a maximum of 76% obtained for the sludge ID2 (Figure 2
and Table 2). This is in contrast to (last) fraction of sequential
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TABLE 2 | Concentrations of iron in each BCR sequential extraction fraction and total acid digestion (T.A.D.) for the 7 anaerobically digested sludge.
Sludge Soluble
mg/l
Exchangeable Reducible Oxidisable Residual
∑
fractions T.A.D
g/kg DS g/kg DS
NID1 0.35 ± 0.21 5.2 ± 0.8 2.0 ± 0.6 <d.l. 2.4 ± 0.1 9.7 ± 1.2 12.6 ± 0.3
NID2 0.34 ± 0.06 6.2 ± 0.6 1.6 ± 0.1 <d.l. 2.4 ± 0.2 10.2 ± 0.7 13.1 ± 1.0
MS1 0.47 ± 0.19 11.9 ± 0.7 3.5 ± 0.4 <d.l. 3.5 ± 0.6 18.9 ± 1.3 21.3 ± 2.6
MS2 0.49 ± 0.25 13.4 ± 0.6 4.2 ± 0.5 <d.l. 2.2 ± 0.2 19.8 ± 0.8 22.6 ± 0.8
MS3 0.57 ± 0.37 15.0 ± 0.6 5.3 ± 1.0 <d.l. 2.2 ± 0.3 22.5 ± 1.9 26.4 ± 1.1
ID1 0.64 ± 0.06 15.8 ± 0.5 3.8 ± 0.8 <d.l. 4.3 ± 0.3 24.0 ± 0.9 27.3 ± 2.4
ID2 0.58 ± 0.02 23.5 ± 0.8 2.6 ± 0.3 <d.l. 2.7 ± 0.1 28.8 ± 0.9 33.0 ± 1.5
The concentrations are expressed as mean ± standard deviation (n = 6).
FIGURE 2 | Iron fractionation profiles in the 7 anaerobically digested
sludge (NID, non-iron dosed sludge; MS, mixed sludge; ID, iron dosed
sludge).
extraction schemes (Alvarez et al., 2002; van der Veen et al., 2007;
Fuentes et al., 2008). However, Carliell-Marquet et al. (2010) and
Dodd et al. (2000) found comparable results to those obtained
during this research, with a high percentage of iron reported to be
recovered in the first steps of the sequential extraction procedures
(exchangeable and reducible fractions). The variation in iron
extractability being reported by different researchers sampling
different anaerobic digesters supports the argument that iron
mobility can change markedly depending on the particular
environmental conditions of each anaerobic digester. Notably,
the concentration of iron extracted in the early fractions is heavily
influenced by the presence of iron-phosphate rich CPR sludge
in a digester. NID 1&2 sludge had 5.2 and 6.2 g/kg DS of iron
extracted in the exchangeable fraction whereas 11.9–15.0 g/kg DS
of iron was extracted in the same fraction in MS sludge and kept
increasing to 23.5 g/kg DS for ID2. This linear correlation was
statically confirmed by a Pearson coefficient between the iron
extracted in the exchangeable fraction and the total iron (as sum
of BCR fractions) of 0.984 (p= 0.000).
The BCR sequential extraction procedure cannot be used to
determine the exact metal species extracted in each fraction;
so the presence of iron in the exchangeable fraction could
result from dissolution of iron-carbonate or iron-phosphate
precipitates or even the exchange of weakly bound iron from
organic sites on the sludge matrix. In this research, vivianite was
identified as one of the main compounds dissolved in the BCR
exchangeable fraction, through the use of: SEM-EDS analysis,
chemical equilibrium speciation modeling of the different AD
environments, previous published research, and thermodynamic
constants (Ofverstrom et al., 2011; Cheng et al., 2015).
Iron was also extracted in two other BCR sequential extraction
fractions: the reducible and residual fractions, which represented
each between 9 and 25% of the total iron. The concentration
of iron in the BCR reducible fraction was between 2.0 g/kg DS
(NID1) and 5.3 g/kg DS (MS3). No specific pattern was observed
in the variation of iron extracted in the reducible fraction
when compared with either the total iron concentration or the
anaerobic digester environmental conditions (Pearson coefficient
of 0.539; p = 0.211). Cheng et al. (2015) suggested that trivalent
iron entering a digester in the feed sludge would not necessarily
be reduced during the anaerobic digestion period in spite of the
low oxidation-reduction potential of the anaerobic environment,
if Fe(III) entered the digester as a well-ordered crystalline
structure. This might occur, for example, when iron is dosed into
an activated sludge process with a long sludge age, giving ample
time for maturation of the crystalline ferric structure. Hence, the
presence of ferric precipitates in the digested sludge should not be
discounted as a possible contributing factor to the iron extracted
during the reducible BCR fraction. Another hypothesis is that
most Fe (III) entering an anaerobic digester is indeed reduced to
Fe (II), leading to the rapid formation of ferrous phosphate or
ferrous-hydroxyl-phosphate compounds (possibly amorphous;
as suggested by Smith and Carliell-Marquet, 2009) that would
then be readily dissolved by the low pH 2 of the reagent used in
the second BCR extraction.
The iron concentration in the BCR residual fraction varied
between 2.4 g/kg DS (NID1 and NID2) and 4.3 g/kg DS (ID1).
As for the reducible fraction, no pattern was established between
the concentration of iron extracted in the residual fraction and
the total iron concentration of the digested sludge (Pearson
coefficient of 0.298; p = 0.516). The iron extracted in the
residual fraction was identified to be bound with sulfide and
precipitated as pyrite or ferrous sulfide (SEM-EDS analysis).
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FIGURE 3 | Pictures of iron precipitates detected in anaerobically digested sludge by SEM-EDS. (A,B) Vivianite, (C) Ferrous sulphide, (D) Pyrite.
Sulfide precipitates are expected to be extracted in the oxidisable
BCR fraction (Chao et al., 2006) but van der Veen et al. (2007)
demonstrated that those precipitates were not systematically
extracted in the oxidisable fraction and could be carried over to
the residual fraction. In this research, measurement of the sulfur
concentration in the different BCR sequential extraction fractions
showed the presence of a high sulfur concentration in the residual
fraction; suggesting that iron sulfide precipitates in the digested
sludge were indeed being dissolved in this fraction, rather than
the oxidisable fraction (Roussel, 2013); with concentrations of
iron in the oxidisable BCR fractions below the detection limit and
recorded as nil (Table 2).
SEM-EDS Analysis
SEM-EDS analysis was performed on the solid phase of each
sludge to obtain information on the iron species present in it.
Ferrous phosphate and ferrous sulfide were the two main types
of precipitates observed during the analysis and are described
below (Figure 3 and their corresponding elemental compositions
are given in Table 3). Several ferrous phosphate compounds were
detected (Roussel, 2013) but the main compound was vivianite
and it was observed in every AD sludge studied (compounds
A and B, Figure 3). Vivianite was identified by stoichiometric
analysis and corroborated by crystallographic analysis (Roussel,
2013). Three main elements (Fe, O, and P) were detected in
compound A and B (Table 3) with a respective atomic percent
of 13, 72, and 12 while Mg and Ca were also detected at low
concentrations (1%). In order to simplify the stoichiometric
analysis, Mg and Ca were included with the iron percentage
TABLE 3 | Elemental analysis of the iron precipitates observed in the
Figure 3.
Compound (Figure 3) Element concentration (as atomic percent)
Ca Fe Mg O P S Si
A 1 16 1 70 12
B 1 13 1 74 11
C 43 14 43
D 31 68 1
as interchangeability between those cations and iron has been
suggested by Nriagu (1972) and De Vrieze et al. (2013) for
phosphate precipitation. Then three modified ratios Fe /P: 1.5,
O/Fe: 5, and O/P: 7 gave the formula Fe3P2O14.5 written as
Fe3(PO4)2.6.5H2O. Loss of water in the molecule in comparison
with the vivianite formula (Fe3(PO4)2.8H2O) was likely to have
occurred during the drying phase of the sample preparation
for SEM-EDS. Frost et al. (2003) showed that natural vivianite
is dehydrated in the temperature range 105–420◦C and the
dehydration occurs in five steps. The first step of dehydration
incurs a loss of one watermolecule and occurs at 105◦C; this is the
temperature that was used for drying the digested sludge samples
prior to SEM-EDS and hence is likely to have affected the water
content of vivianite detected by SEM-EDS.
The compounds C and D were identified as ferrous sulfide
and pyrite, respectively. The identification was also done using
stoichiometric analysis and crystallographic investigation. Both
compounds contained mainly iron and sulfur but in different
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ratios (Table 3). The ratio Fe:S for the compound C was 1 and
did not exhibit any specific crystalline structure (in comparison
to compound D). It was identified as ferrous sulfide a meta-
stable amorphous compound (Nielsen et al., 2005). The presence
of oxygen in compound C was likely to be to surface oxidation
during the SEM sample preparation as the percentage was too
low to demonstrate the presence of sulfate precipitate. Finally, the
ratio Fe:S for the compound D was 0.5 and the chemical formula
was calculated as FeS2, pyrite. One of the pyrite crystal habits
is cubic and this was clearly observed in the digested sludge, as
shown in the Figure 3D (Haldar, 2014).
Chemical Modeling
The results from the predicted iron speciation are shown in
the Table 4 for the seven types of anaerobically digested sludge
under study. The input values for the simulation have been
obtained from the total concentration (liquid and solid phases)
measured in each sludge (Table 1). Phreeqc predicted that iron
would be precipitated as pyrite and vivianite. The concentration
of pyrite varied between 4.8 and 9.8 g/kg DS (Table 4). The
amount of pyrite precipitated in the sludge was not dependent
on the total iron concentration but was related to the total
sulfide concentration. MS2 and MS3 were the two sludge with
the lowest sulfide concentration and both had the lowest pyrite
concentrations with 5.0 and 4.8 g/kg DS. By contrast, NID1
and ID2 were the two sulfide-rich sludge types and had the
highest pyrite concentration with, respectively 7.2 and 9.8 g/kg
DS. Vivianite precipitation was primarily related to the total iron
concentration in the digested sludge, increasing from 2.7 g/kg DS
for NID1 to 19.3 g/kg DS for ID2.
A relationship was observed between the predicted
concentration of iron as vivianite or pyrite and experimental
concentrations of iron in two BCR sequential extraction fractions
(Figure 4). The iron concentrations in the exchangeable fraction
and the concentrations of iron as vivianite presented comparable
concentrations with the different sludges and both were
dependent on the total iron concentration. The concentration
of pyrite predicted by the model was also comparable with the
concentration of iron extracted in the residual fraction and both
were dependent on the total sulfur concentration.
TABLE 4 | Predicted iron speciation from Phreeqc’s simulation.
Sample Initial Predicted concentration
Total Liquid Fe as Fe as Fe as Fe as
Fe
mmol/l
vivianite pyrite vivianite pyrite
mmol/l g/kg DS
NID1 3.5 0.0025 0.96 2.57 2.7 7.2
NID2 3.6 0.0027 1.2 2.4 3.4 6.7
MS1 6.8 0.0031 4.5 2.2 12.6 6.2
MS2 7.1 0.0031 5.3 1.8 14.9 5.0
MS3 8.0 0.0033 6.3 1.7 17.6 4.8
ID1 8.5 0.0036 6.5 2.1 18.2 5.9
ID2 10.4 0.0033 6.9 3.5 19.3 9.8
The modeling is limited to calculations based on
thermodynamic equilibrium, which cannot entirely capture
the complexity of a living reactor. Specifically, equilibrium
speciation modeling does not take into account the effect of
kinetics, potential local reactions and co-precipitations, or the
impact of micro-organisms on metal speciation. As an example,
greigite (Fe3S4) and ferrous sulfide were only predicted by
Phreeqc to precipitate for iron and sulfur if the model was set so
that pyrite was not allowed to precipitate. Those two compounds
have been found to be pyrite’s precursor (Nielsen et al., 2005;
Gustavsson, 2012) and SEM-EDS in this research showed that
ferrous sulfide and pyrite were indeed both present in the
digested sludge sampled, indicating that the sludge retention
time was not long enough to obtain a complete transformation
from ferrous sulfide to pyrite. Unless the model parameters are
specifically altered by the user, it should be noted that pyrite will
be the main predicted output. The kinetics can also modify the
balance between predicted vivianite and pyrite. It is hypothesized
that, following the dissolution of ferric phosphate (originally
present in the feed sludge) in the low redox environment
of an anaerobic digester, a high concentration of phosphate
subsequently surrounds the iron, creating a bulk limitation of
sulfide availability for iron (Zhang et al., 2009). This potential
disturbance of the thermodynamic equilibrium was not taken
into account by the equilibrium speciation model; hence it is
likely that phosphorus-rich digesters will contain more vivianite
than predicted by equilibrium speciation modeling, which will
reduce pyrite formation. Finally, the presence of iron extracted in
the second fraction (reducible) of the BCR sequential extraction
was not clearly characterized and could be from non-reduced
Fe(III) or undissolved ferrous phosphate from the first extraction
or even co-precipitates. The amount of iron extracted in the
reducible fraction was bound as pyrite or vivianite by the model.
A series of theoretical simulations were done to represent
a range of iron, phosphate, and sulfide concentrations in each
digester. The iron concentration was simulated from 0 to
30 g/kg DS and the average (across the seven types of sludge)
concentration of iron predicted as vivianite and as pyrite are
FIGURE 4 | Comparison of iron concentrations between experimental
and predicted values.
Frontiers in Environmental Science | www.frontiersin.org 7 September 2016 | Volume 4 | Article 60
Roussel and Carliell-Marquet Iron Mobility in Anaerobic Digestion
shown in Figure 5. In themodel simulation the first compound to
be precipitated was pyrite, iron being converted into pyrite until
sulfide became the limiting factor, after which the concentration
of pyrite stayed constant and the iron precipitated as vivianite.
Varying the sulfide concentration (0–40 g/kg DS, Figure 6)
showed that, in the absence of sulfide, all the iron was precipitated
as vivianite. Sulfide precipitates preferentially with copper, nickel,
zinc and cobalt prior to the formation of pyrite, hence it is
only when the sulfide concentration in a digester increases to
1 g/kg DS that pyrite formation is initiated in competition with
vivianite formation. Varying the simulated phosphate content of
the digested sludge (0–40 g/kg DS, results not shown) showed
that, in absence of phosphate, iron was precipitated as pyrite and
siderite (FeCO3). The concentration of pyrite stayed constant as
phosphate content increased, however the siderite concentration
decreased as phosphate competed with carbonate for iron, with
iron precipitating increasingly as vivianite, until no siderite
remained. This series of simulation demonstrates that, based on
thermodynamic calculations alone iron speciation in a digester
would be primarily controlled by sulfide, then phosphate and
finally carbonate.
DISCUSSION
Iron Speciation in Anaerobically Digested
Sludge
Previous research has shown that sulfur plays an important
role in the speciation of iron in many anaerobic digesters, but
phosphate interaction with iron has traditionally been considered
negligible, being dominated by full sulfide precipitation or by
other binding such as carbonate, thiol, or organic material
(Shakeri Yekta et al., 2014a). This research demonstrated
that iron precipitates with both sulfide and phosphate in
FIGURE 5 | Predicted iron fractionation in function of total iron
concentration (average of the predicted results obtained from all
anaerobically digested sludge under study).
sewage sludge anaerobic digesters, which are becoming more
phosphate-rich environments due to the increasing legislative
drive to remove phosphorus from wastewater. In these
digesters, iron bonded with phosphate to form vivianite;
agreeing with previous results demonstrating its thermodynamic
stability under anaerobic condition (Miot et al., 2009). Indeed,
the solubility product of vivianite (pKsp = 35.8, Al-Borno
and Tomson, 1994) agreed on the potential formation in
anaerobically digested sludge from a thermodynamic approach.
Rothe et al. (2016) found that vivianite is stable at pH conditions
from 6 to 9 and its formation is detected in organic rich
environment in presence of ferrous and orthophosphate ion. The
pH range of vivianite stability agreed with its dissolution in the
first BCR fraction (exchangeable, pH 4).
The precipitation of iron with phosphate has been previously
qualitatively observed in anaerobically digested sludge (Miot
et al., 2009; Carliell-Marquet et al., 2010). However, this
study demonstrated that vivianite precipitation accounted for
at least 50% of the total iron in non-sulfide rich AD and,
when CPR was included in upstream wastewater treatment,
vivianite could represent more than 90% of the total iron
in an anaerobic digester. These results challenge the outputs
from thermodynamic calculations (Callander and Barford, 1983)
or previous experimental results (Morse and Luther, 1999;
Zhang et al., 2010) who concluded that the majority of iron
in anaerobic digesters would be present as sulfide precipitates.
Previously, anaerobic digesters were often considered to be
operating under sulfidic conditions with a threshold of 1 for
S:Fe, however, a threshold of 2 is actually required for pyrite
formation.
Concerning sulfide reacting with iron, SEM-EDS analysis
showed the presence of two iron-sulfide compounds: amorphous
ferrous sulfide and pyrite. Nielsen et al. (2005) demonstrated that
pyrite is expected to be the most stable inorganic iron-sulfide
precipitate. However, the relatively short time period for crystal
FIGURE 6 | Predicted iron fractionation in function of total sulfur
concentration (average of the predicted results obtained from all
anaerobically digested sludge under study).
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formation and maturation in an anaerobic digester, coupled with
redox potential variation (caused by the periodic addition of feed
sludge) is likely to encourage ferrous sulfide formation over pyrite
formation, as noted by Miot et al. (2009).
Concentration of different ferrous sulfide compounds varied
from 10 to 25% of the total iron concentration in the seven
studied digested sludge; no clear relationship could be seen
between an increase of iron concentration in the digesters
(resulting fromCPR dosing) and the concentration of iron bound
with sulfide (Table 2 and Figure 2). A relationship between
total iron-sulfide precipitates and total sulfur concentration
was demonstrated in this research through the BCR sequential
extraction analysis, and had been suggested previously by Mosey
and Hughes (1975). However, additional factors must also have
been involved in controlling the precipitation of iron with sulfide
in the digesters, as three sludges had the same amount of sulfur
measured (NID2, MS1, and ID1) but demonstrated a variation
in the concentration of iron extracted in the residual fraction,
from 2.4 to 4.3 g/kg DS (Tables 1, 2). Moreover, the ID2 sludge
represented the highest sulfur content but only 2.7 g/kg DS of
iron was extracted as sulfide precipitates. Shakeri Yekta et al.
(2014b) demonstrated that sulfur speciation in an anaerobic
digester is an important factor determining the capacity of sulfur
for iron precipitation, as each sulfur species possess a different
binding capacity for iron. Sulfur species compete with each other
for iron, and also with other anions such as phosphate. Moreover,
kinetic effects can also enhance the preferential binding of
iron with molecules other than sulfur in an anaerobic digester,
due to a local unavailability of sulfide anions (Zhang et al.,
2009).
Reactions Controlling the Iron Behavior in
Anaerobically Digested Sludge
The results of this study have been used to obtain a better
understanding of iron speciation in municipal anaerobic
digesters and also, importantly, to determine the most probable
order of the sulfide and phosphate precipitation reactions
(Figure 7). Results have shown that the first reaction controlling
the behavior of iron in the solid phase is precipitation with
sulfide to form ferrous sulfide first and then pyrite, regardless
of the higher iron or phosphate concentrations in the digesters
we studied. Iron sulfide precipitation is, however, strictly
constrained by the iron/sulfur ratio in the anaerobic digester
and is likely to be limited (Shakeri Yekta et al., 2014a).
Following precipitation with sulfide, iron reacts with phosphate
to precipitate as vivianite and various ferrous-(hydroxyl)-
phosphate compounds. Vivianite represented the largest fraction
of iron in all the digesters studied, without being the primary
reaction.
These results hence agree with traditional thermodynamic
calculations in predicting sulfide as the primary factor controlling
iron speciation (Pourbaix, 1963; Callander and Barford, 1983)
even if 90% of the total iron was found to be present as
vivianite in the digesters studied. However, thermodynamic
calculations do seem to overestimate the precipitation of iron
FIGURE 7 | Illustration of iron behavior in anaerobically digested sludge.
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with sulfide when compared to experimental data. Shakeri Yekta
et al. (2014a) controlled this overestimation in their model by
including ligands in the liquid phase and thiols in the solid
phase for sulfidic sludge; when sulfide became limiting in their
simulated anaerobic digesters, carbonate was used to precipitate
iron as siderite. This study has shown that phosphate can also
compete kinetically with sulfide to react with iron, especially
through the formation of stable iron-phosphate compounds such
as vivianite. CPR at a WWTW enhances the ability of phosphate
to compete for iron in an anaerobic digester by introducing iron
as ferric phosphate in the digester feed sludge, effectively limiting
the access of sulfide to iron (Miot et al., 2009; Zhang et al.,
2009).
More research is required to complete the overall picture of
iron mobility in phosphorus enriched anaerobic digesters,
by understanding the speciation of iron in the liquid
phase, particularly in terms of bioavailability. Quantitative
determination of different iron species in the liquid phase is
complicated by low detectable concentrations of individual
species (Fermoso et al., 2009). Shakeri Yekta et al. (2014a)
approached this subject by creating a model simulation from
two sub-models developed by Rickard (2006) and Davison et al.
(1999). Their results showed that the iron concentration in
the liquid phase of an anaerobic digester, and its speciation,
depended primarily on the ratio of sulfur to iron in their
digester. Iron solubility was observed to increase when
secondary iron precipitates were recorded alongside sulfide
precipitation.
In this study, increased total iron concentration in the digested
sludge also increased the concentration of iron measured in the
liquid and could be linked with the solubility product constant
of vivianite formation. Hence, the speciation of iron in the solid
phase impacts directly on the reactions controlling the behavior
of iron in the liquid phase and, ultimately, on the concentration
of iron in the liquid phase.
Impact of Vivianite Precipitation on the
Anaerobic Digestion Process
The presence of more than 50% and up to 80% of iron
precipitated as vivianite in an anaerobic digester, instead of
precipitated with sulfide as traditionally expected, means that
iron in these digesters is likely to be more mobile and hence
more bioavailable; this is likely to have a secondary effect on other
metals speciation.
The optimal balance for metals bioavailability is a fragile
equilibrium and any change in their speciation might tip a
digester into the deficiency or toxicity zone (Zandvoort et al.,
2006). The presence of CPR at a WWTW increases the total
concentration of iron and phosphorus in the feed sludge, leading
to an increase of vivianite precipitation and solubility of iron
in the anaerobic digester. Previous results showed that CPR
had negative impact on biogas production (Smith and Carliell-
Marquet, 2009; Ofverstrom et al., 2011) that could be correlated
to a concentration of iron in the liquid phase coupled with
a higher mobility of iron in the solid phase. By contrast, De
Vrieze et al. (2013) found that the addition of iron-rich activated
sludge stabilized kitchen waste anaerobic digesters, primarily
because iron was a rate-limiting element and secondarily by
reducing the high concentration of soluble phosphate in these
digesters.
Previous research on metal solubility and bioavailability in
digesters used the sulfide element to estimate metal solubility
in sewage sludge digesters, assuming sulfide as the dominant
anion (Mosey et al., 1971; Mosey and Hughes, 1975). Specifically,
Mosey et al. (1971) used sulfide solubility (threshold at pS= 17.2)
as a measure of the potential bioavailability and hence, toxicity, of
heavy metals in anaerobic digestion. This hypothesis could still
be used for sulfidic digesters, but sewage sludge today generally
has a higher amount of iron than sulfur, due primarily to the
prevalence of CPR. Under these new phosphate-rich conditions,
phosphate availability must also be taken into consideration
in order to calculate iron solubility. Vivianite is defined by
the BCR sequential extraction analysis as a weakly bound
compound; this weak binding capacity of vivianite enhances
the transfer of iron between solid and liquid phase creating a
reserved pool of iron able to quickly shift depending on the
AD condition. This means that the overall mobility of iron
in sewage sludge anaerobic digesters has changed over time
as upstream wastewater treatment processes have changed to
include phosphorus removal, in response to increasingly strict
discharge requirements.
The large amount of iron bound with phosphate in sewage
sludge digesters today, also reduces phosphate availability for
other cations such as calcium or magnesium. Struvite is a
high value end product from anaerobic digestion that can
be precipitated through magnesium addition, post anaerobic
digestion; struvite precipitation relying on phosphate having
been released into the liquid phase during digestion. Phosphate
entering an anaerobic digester from CPR is bound with iron and
even though it is likely to be released temporarily as a result of
Fe(III) reduction, this research showed that most phosphate is re-
precipitated as vivianite and will remain in this form, preventing
post-digestion struvite recovery.
Finally, the speciation of iron also has an impact on the
other metals behavior in the anaerobic digester. Cobalt and
nickel are both metals that kinetically precipitate with sulfide
after iron and can potentially be absorbed onto ferrous sulfide
compounds (Morse and Luther, 1999). Shakeri Yekta et al.
(2014b) demonstrated that nickel solubility was controlled by
three reactions, including interaction with ferrous sulfide. Hence,
reduction of ferrous sulfide precipitates as a result of vivianite
formation might reduce the effect of co-precipitation for nickel
and cobalt, enhancing secondary reactions and consequently
impacting on their solubility. Finally, increased iron mobility
could also influence the kinetics of essential trace metals being
supplemented to anaerobic digesters to boost biogas production.
Roussel (2013) observed a quicker dissolution of supplemented
cobalt bound to EDTA in iron-rich sludge than in iron-poor
sludge. It was demonstrated that the acceleration of cobalt
dissolution was due to higher availability of iron to react with
EDTA and release the cobalt, which in turn made cobalt more
bioavailable and increased the rate of biogas production from
those digesters.
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CONCLUSION
• Municipal sewage sludge digesters are today more
phosphorus-rich environments than in the past, due
to the increasing legislative requirements for WWTW
to remove phosphorus from wastewater, which they
achieve with iron dosing, resulting in an iron and
phosphorus rich sludge being fed to the anaerobic
digesters.
• Increasing iron concentrations in municipal sewage sludge
digesters was linked to increasing concentrations of vivianite
precipitated in the digested sludge.
• The first reaction controlling the behavior of iron in the
solid phase is precipitation with sulfide to form ferrous
sulfide initially and then pyrite, regardless of the higher
iron or phosphate concentrations in the digesters we
studied.
• Following precipitation with sulfide, iron reacts with
phosphate to precipitate as vivianite and various ferrous-
(hydroxyl)-phosphate compounds. Vivianite represented the
largest fraction of iron in all the digesters studied, without
being the primary reaction.
• Vivianite is defined by the BCR sequential extraction analysis
as a weakly bound compound; this weak binding capacity of
vivianite enhances the transfer of iron between solid and liquid
phase creating a reserved pool of iron able to quickly shift
depending on the AD condition.
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